Evidence has shown that protein malnutrition tends to increase peripheral insulin sensitivity, but the molecular mechanism underlying this increase is not yet clear. Here we show that, in rat muscle, the state of insulin receptor (IR) substrate-1 (IRS-1), a pivotal component of the signaling pathway of the IR, changes drastically according to protein supply. After rats were fed a protein-free diet (PF) or a 12% casein diet for 1 week, their IR and IRS-1 states were analyzed by immunoblotting using various antibodies. PF slightly increased the amount of IR without affecting the state of IR tyrosine phosphorylation. In contrast, PF decreased the amount of IRS-1 and markedly increased phosphorylation of IRS-1 tyrosine residues after insulin injection. Moreover, IRS-1 in PF rats exhibited faster mobility in SDS-PAGE as well as far less phosphorylation of Ser612 and Ser307, indicating hypophosphorylation on its serine residues. Results of additional experiments using energy-restricted (pair-fed) rats and streptozotocin-induced diabetic rats suggest that dietary protein deficiency by itself alters serine phosphorylation of IRS-1, while the up-regulation of tyrosine phosphorylation requires other factors, such as a reduction in basal plasma insulin. The serine dephosphorylation followed by up-regulation of insulin-dependent IRS-1 tyrosine phosphorylation in skeletal muscle of PF rats in vivo is similar to a phenomenon observed in cultured cells under restriction of amino acids in the medium. With these findings, it could be inferred that the reduction of serine phosphorylation contributes to the sensitization of IRS-1 to IR tyrosine kinase under protein malnutrition.
Introduction
Low-protein diets ameliorate the symptoms of some diabetic patients, possibly by improving insulin sensitivity and alleviating hyperinsulinemia (Rigalleau et al. 1998) . The effectiveness of the low-protein treatment is accentuated if diabetic renal failure is also considered (Aparicio et al. 2001) . Using experimental animal models, it has been shown that the source of dietary protein affects energy metabolism by altering insulin action (Lavigne et al. 2000 , Ishihara et al. 2003 . In addition, dietary protein has been shown to modulate some insulin-dependent processes, such as the regulation of enzymes for gluconeogenesis (Kettelhut et al. 1980 , Peret et al. 1981 , Rossetti et al. 1989 , Iritani et al. 1995 . These observations suggest that protein nutrition influences the signaling pathway of insulin.
Upon activation by insulin, the insulin receptor (IR) binds to various types of substrate proteins, including adapters, docking proteins and enzymes; the family of IR substrate (IRS) proteins constitutes the major group. The IRS family comprises four proteins, IRS-1, IRS-2, IRS-3 and IRS-4 (White 1998 , 2002 , Saltiel & Kahn 2001 . IRS-1 was the first to be identified and is the best-characterized. It is a 165-185 kDa protein containing abundant potential sites for tyrosine phosphorylation and serine/threonine phosphorylation (Sun et al. 1991) . This protein contains a pleckstrin homology domain and a phosphotyrosine-binding domain, which together are necessary for its coupling to the activated IR. This coupling activates IRS-1 by phosphorylating its tyrosine residues. The activated IRS-1 recruits and interacts with the Src homology 2 (SH-2) domain-containing proteins, including phosphatidylinositol 3 (PI3) kinase, Grb2 and SH-PTP2 (White 1998 , 2002 , Saltiel & Kahn 2001 . Other IRSs work in essentially the same manner, although they are distributed differently.
It has recently been shown that amino acids affect serine/threonine phosphorylation and the degradation of IRS proteins in cell culture systems. Serine phosphorylation and the subsequent degradation of IRS-1 by prolonged treatment of 3T3-L1 cells with insulin both depend on the concentrations of amino acids in the culture medium (Takano et al. 2001 ) and on mTOR, a kinase regulated by amino acids (Hara et al. 1998 , Iiboshi et al. 1999 . Patti et al. (1998) showed that amino acids inhibit insulin-induced tyrosine phosphorylation of IRS-1 in 3T3-L1, CHO and L6 muscle cells. In addition, Tremblay & Marette (2001) showed that the excess amino acids enhanced insulin-induced IRS-1 degradation via mTOR/p70 S6 kinase and attenuated insulin-stimulated glucose transport in L6 myotubes. Although a clear link between amino acid availability and insulin signaling components in cultured cells has emerged from these studies, the relevance of this relationship in vivo remains unknown. The substantiation of these phenomena using protein malnutrition models, in which the compositions of plasma amino acids are disturbed, will provide important insights into the pathology, treatment and prevention of type 2 diabetes. Here we made use of an extreme protein malnutrition model, which are rats deprived of dietary protein, and revealed a dietary protein-dependent modulation of the early components of insulin signaling in the muscle. The results indicate that protein malnutrition elevates tyrosine phosphorylation of IRS-1 in response to insulin stimulation. In addition, the level of serine phosphorylation of IRS-1 is drastically reduced in protein-deprived rats, which may account in part for the increased insulin sensitivity of IRS-1. These results are in line with the up-regulation of insulin action in studies using low-protein diets or plant protein-based diets.
Materials and methods

Materials
Monoclonal anti-phosphotyrosine antibody (4 G10), polyclonal anti-phospho IRS-1 (Ser307) antibody and polyclonal anti-PI3 kinase p85 antibody were purchased from Upstate Biotechnology (Lake Placid, NY, USA). The polyclonal anti-IRS-1 and anti-IR -subunit (IR ) antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). The polyclonal anti-IRS-1 (pS616) phosphoserine-specific antibody was purchased from Biosource International (Camarillo, CA, USA). Bovine insulin and streptozotocin (STZ) were purchased from Sigma Chemical Co. (St Louis, MO, USA). Protein G-Sepharose 4FF and horseradish peroxidase-conjugated secondary antibodies were purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA). The other chemicals were of reagent grade and were obtained commercially.
Animals and diets
Male Wistar rats weighing 130-150 g were purchased from Charles River Japan, Inc. (Kanagawa, Japan). Rats were kept in a room maintained at 22 1 C with a relative humidity of 60% and with a cycle of 12 h light (0800-2000 h) and 12 h darkness. They were fed a 12% casein diet (12C) between 1000 and 1800 h for the first 3 days and were then divided into two groups of five rats each. One group was fed 12C 8 h per day for 8 days, with free access to water throughout the experiment. The other group was fed a protein-free diet (PF) in the same way. The composition of the 12C and that of the PF was described previously (Takahashi et al. 1990 ). On the 8th day, the rats were given their respective diets for 1·5 h and were then anesthetized with pentobarbital (50 mg/kg body weight). After anesthesia was ensured by loss of the pedal reflexes, the abdominal cavity was opened, and 1 ml saline with or without insulin (1·4 U) was injected into the inferior vena cava. The gastrocnemius muscle was removed 2 min after injection, frozen immediately in liquid nitrogen, and stored at 80 C until analysis. In another experiment, two groups of rats were pair-fed as follows. The amount of food consumed by the PF group was monitored each day, and that amount was given to the 12C group on the next day. Accordingly, the insulin injection and tissue sampling of the 12C group were done one day after those of the PF group.
In addition, rats with impaired insulin secretion were prepared by injecting them with STZ. They were given 12C between 1000 and 1800 h for 3 days and on day 4 were injected with STZ (65 mg/body weight, dissolved in 50 mM citrate buffer, pH 4·5, and diluted in saline) or saline i.p. at 1000 h after 16 h starvation. The development of diabetes was confirmed by analyzing the blood glucose level. Two days after the STZ injection, the rats were divided into two groups according to blood glucose level. They were then given one of the experimental diets for 8 days as described above. To measure plasma glucose level, we collected blood from the tail. In all experiments, to measure the serum insulin level we bled the animals from the carotid artery before killing them. The experimental procedures used in the present study met the guidelines of the Animal Usage Committee of the Faculty of Agriculture, the University of Tokyo.
Measurements of plasma glucose and serum insulin
The plasma glucose level was determined by a Glucose B-test Wako Kit using the GOD method (Wako Pure Chemical Industries, Osaka, Japan). Serum insulin level was measured by an Insulin-EIA Test Kit (Wako).
Figure 1
Effect of protein deprivation on the amount of IR and its tyrosine phosphorylation in rat skeletal muscle. Rats were fed 12C or PF diet from 1000 to 1800 h for 7 days. On the 8th day, they were given their respective diets for 1·5 h and were then anesthetized. During anesthesia, insulin (1·4 U) or saline was injected into the inferior vena cava. Two minutes after the injection, the gastrocnemius muscle was excised and quickly frozen. Protein extracts were prepared from the skeletal muscle as described in Materials and methods. 
Preparation of extracts from muscle
The samples for immunoblotting were prepared as described previously (Ito et al. 1997) . The frozen tissues were ground into a fine powder with a mortar and then homogenized with a homogenizer at 4 C in seven times the tissue weight of a homogenizing buffer (50 mM Hepes-NaOH, pH 7·6, 10 mM sodium orthovanadate, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 2 mM phenylmethylsulfonyl fluoride, 100 kIU/ml aprotinin, 2 mM EDTA, and 2% Triton X-100). All extracts were centrifuged at 100 000 g for 1 h at 4 C, and the supernatants were collected for further analysis. The protein content in the supernatants was determined using a Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA), according to the method of Bradford (1976) .
Immunoprecipitation and immunoblot analysis
The extracted protein (5 mg) was incubated with an anti-IR antibody (4 µg) or an anti-IRS-1 antibody (4 µg) at 4 C overnight, and was incubated for another 3 h after 30 µl protein G-Sepharose 4FF (50% v/v) were added. The immune complexes were washed three times with the homogenizing buffer at 4 C, suspended in Laemmli's sample buffer, and boiled for 5 min. An equal volume of each sample was resolved by 8% SDS-PAGE and transferred to a nitrocellulose membrane (Hybond ECL; Amersham) using a Trans-Blot SD Cell (Bio-Rad). After transblotting, the membranes were rinsed once with a rinsing buffer (10 mM Tris-HCl, pH 7·2, 50 mM NaCl and 1 mM EDTA), and blocked with a blocking buffer (rinsing buffer containing 3% BSA) at 4 C overnight. The membranes were then incubated with appropriate antibodies diluted in the blocking buffer at room temperature for 2 h, and were washed five times with TBS-T (20 mM Tris-HCl, pH 7·6, 137 mM NaCl, 1 mM EDTA and 0·1% Tween 20). The membrane was then incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG diluted in TBS-T for 1 h, and washed again as described above. The bands of immunoreactive protein were detected with the ECL kit (Amersham) and quantified using a cooled CCD camera system, LAS-1000 plus (Fuji Film Co., Kanagawa, Japan).
Statistical analyses
All values are expressed as the means S.E.M. The results of plasma glucose and serum insulin level in the STZ study were analyzed statistically using the Duncan's multiple range test. The Student's t-test was performed when the comparisons were between two groups, mainly between insulininjected rats fed on 12C and those fed on PF. Differences were considered to be statistically significant at P<0·05.
Results
Protein deprivation does not affect insulin-induced tyrosine phosphorylation of IR in rat skeletal muscle
We first examined whether or not protein deprivation influences the insulin-induced tyrosine phosphorylation of IR by immunoblotting. Our preliminary experiments showed that the tyrosine phosphorylation of the IR in muscle peaked at 2 min after insulin was injected into the inferior vena cava (data not shown). The state of each component of IR signaling was analyzed in all experiments described hereafter.
The amount of IR was slightly but significantly higher in the PF rats than in the 12C rats (Fig. 1A , an immunoblot using anti-IR antibody, and Fig.  1B) . Irrespectively of the injection of insulin, the postprandial tyrosine phosphorylation of IR was lower in the PF rats than in the 12C rats (Fig. 1A , an immunoblot using anti-phosphotyrosine antibody, and Fig. 1C , first and third bars), which might reflect the lower serum insulin level of PF rats (shown below). On the other hand, insulininduced tyrosine phosphorylation of IR did not differ between the two dietary groups (second and fourth bars of Fig. 1C ). Protein deprivation thus has only a limited effect on the insulin responsiveness of IR in skeletal muscle.
Protein deprivation augments insulin-induced tyrosine phosphorylation of IRS-1 through the reduction of its serine phosphorylation in skeletal muscle
We next examined whether or not protein deprivation affected the insulin-stimulated phosphorylation of IRS-1 in skeletal muscle. The amount of IRS-1 in the skeletal muscle of the PF group was reduced to 50% of that of the 12C group ( Fig. 2A , an immunoblot using anti-IRS-1 antibody, and Fig. 2B ). On the other hand, the level of tyrosine phosphorylation of IRS-1 in response to insulin stimulation was higher in the PF rats than in the 12C rats ( Fig. 2A , an immunoblot using anti-phosphotyrosine antibody). Together these changes demonstrate that the insulin-induced tyrosine phosphorylation of IRS-1 was three times higher in the PF than in the 12C rats, when normalized by the amount of IRS-1 (Fig. 2C) . In other words, three times as many tyrosine residues in each IRS-1 molecule became phosphorylated in response to insulin in the PF group than in the 12C group. This suggests that the sensitivity of IRS-1 to IR kinase is up-regulated in the PF rats.
It is noteworthy that the migration patterns of IRS-1 differ between the groups ( Fig. 2A , an immunoblot using anti-IRS-1 antibody), in that IRS-1 in the muscle of the PF rats migrated faster than that of the 12C rats. This apparent reduction of molecular mass, which was seen even in the unstimulated state, suggests an alteration of some modification other than tyrosine phosphorylation. As it is known that tens of serine/threonine residues in IRS-1 are subject to phosphorylation (Sun et al. 1991) , we then explored whether or not protein nutrition affects the serine phosphorylation of IRS-1. To this end, we investigated two of the known residues of serine phosphorylation, Ser612 (Mothe & Van Obberghen 1996 , De Fea et al. 1997a and Ser307 (Aguirre et al. 2000 , 2002 , Rui et al. 2001 ) using respective antibodies specific to phosphorylated serines of these positions. As shown in Fig. 3 , the phosphorylation states of Ser612 and Ser307 differed dramatically between the two dietary groups. Thus, the faster migration of IRS-1 in the PF rats is probably attributable to the reduced serine (and possibly also threonine) phosphorylation of this molecule.
These results suggest that the reduction of serine phosphorylation in the state of protein deprivation enhances insulin-induced tyrosine phosphorylation of IRS-1. We also examined IRS-1 mRNA levels in the muscle. The results showed no difference between the diets (data not shown), indicating that the dietary protein condition does not affect IRS-1 gene transcription.
Protein deprivation increases insulin-dependent association of p85 regulatory subunit of PI3 kinase in rat skeletal muscle
The next attempt was made to explore whether the increased insulin-induced tyrosine phosphorylation of IRS-1 by protein deprivation is reflected in the downstream signaling of insulin. The level of the association of the p85 regulatory subunit of PI3 kinase with IRS-1 was determined in the muscle. As shown in Fig. 4 , the amount of IRS-1-associated p85 was significantly higher in PF than in 12C rats, despite the reduced amount of IRS-1 in PF rats. This result indicates that the up-regulation of IRS-1 activity by protein deprivation leads to amplification of the downstream insulin signaling.
Protein malnutrition reduces serine phosphorylation of IRS-1 independently of changes in food intake or plasma insulin
As shown in Table 1 , deprivation of dietary protein resulted in mild reductions in food intake and plasma insulin. It is thus highly possible that these changes caused the alterations in the serine phosphorylation and insulin responsiveness of IRS-1 tyrosine phosphorylation. To distinguish the direct effects of dietary protein from the effects of food intake and basal insulin level, we performed two additional experiments: one under a pairfeeding condition and the other in an STZ-induced insulin deficiency.
In the experiment shown in Fig. 5 , the amount of food given to rats in the 12C group was the amount that the PF group had consumed on the previous day. Even in this eucaloric condition, there was a striking difference in Ser612 phosphorylation between the dietary groups (Fig. 5A) . The reduction of IRS-1 by PF was evident although less prominent than in the freely feeding group (Fig. 5B and C, 20% decrease). As in Fig. 5B and D, the insulin-induced tyrosine phosphorylation of IRS-1 was significantly higher in PF than in 12C rats, but the difference was again blunted (30% increase). Similarly, in a model of mild insulin deficiency (Table 2) , PF rats consistently retained the activity to dephosphorylate Ser612, but the effect on the amount and tyrosine phosphorylation of IRS-1 was weakened (Fig. 6) . It is known from cell culture studies that hyperglycemia itself increase serine phosphorylation of IRS-1 (Nakajima et al. 2000) . This result shows that dietary protein is effective even in a hyperglycemic condition. The results of Figs 5 and 6 show that dietary protein deficiency alters Ser612 phosphorylation on its own and that it works cooperatively with energy and insulin status to regulate the amount and tyrosine phosphorylation of IRS-1.
Discussion
Previous studies have indicated that the intake of a high-protein diet is related to increased gluconeogenesis and impaired hepatic insulin sensitivity in rats (Kettelhut et al. 1980 , Peret et al. 1981 , Rossetti et al. 1989 . However, little information is available on how dietary protein affects insulin sensitivity in peripheral tissues. Previously, Reis et al. (1997) reported that insulin-induced tyrosine phosphorylation of IR and of IRS-1 was increased in liver and skeletal muscle of rats fed a low-protein diet. In cell culture studies, amino acids are shown to inhibit insulin-induced tyrosine phosphorylation of IRS-1 (Patti et al. 1998) and to enhance insulin-induced 
Figure 5
Effects of restricted feeding on the dietary protein-dependent changes in the amount, tyrosine phosphorylation, and Ser612 phosphorylation of IRS-1 in rat skeletal muscle. Rats were fed a 12C or PF diet from 1000 to 1800 h for 7 days. The amount consumed by the PF rats was monitored daily, the mean of which was supplied to each 12C rat on the next day (pair-feeding). On the 8th day, the rats in both groups were treated with insulin, as described in the legend to serine/threonine phosphorylation and degradation simultaneously (Takano et al. 2001) . Moreover, it has been shown that the excess of amino acids attenuates insulin-stimulated glucose transport in vitro, while amino acid deficiency enhances it (Takano et al. 2001 , Tremblay & Marette 2001 . Thus, it is highly probable that the early steps of insulin signaling are up-regulated by restricted supplies of amino acids; the relevance and the underlying mechanisms, however, remain unknown, especially in vivo. This study is the first to report that protein malnutrition reduces serine phosphorylation of IRS-1 in rat skeletal muscle. The initial intriguing finding was the obvious difference between the 12C and PF groups in the migration pattern of IRS-1 protein in SDS-PAGE. A following assay using the antibodies recognizing phosphoserine 612 and 307 of IRS-1 linked the shift in IRS-1 migration to a drastic change in serine phosphorylation (Fig. 3) . Additional experiments using pair-fed and STZtreated rats showed that the dietary protein condition by itself affected the Ser612 phosphorylation of IRS-1 (Figs 5A and 6A) . In this study, we examined only a couple of the serine residues in IRS-1, but the apparent differences in the migration of IRS-1 proteins implies that protein malnutrition likely alters the phosphorylation states of many other serine residues (and probably of threonine residues also).
Increased serine/threonine phosphorylation of IRS-1 has been recognized as a major cause of insulin resistance and is induced by a variety of factors, such as tumor necrosis factor-, insulin, platelet-derived growth factor, protein kinase C activators, and inhibition of protein phosphatase A with okadaic acid (Tanti et al. 1994 , Kanety et al. 1995 , Hotamisligil et al. 1996 , De Fea et al. 1997a ,b, Li et al. 1999 , Sun et al. 1999 , Liu et al. 2001 , Pederson et al. 2001 , Ravichandran et al. 2001 , Hartley & Cooper 2002 . In each of these events, several serine residues of IRS-1 have been identified as the target, and the molecular mechanism leading to the alteration of serine phosphorylation is being elucidated in cell culture systems. Examples of such pathways include Ser612 phosphorylation of IRS-1 through MAP kinase activation (De Fea et al. 1997b ) and Ser307 phosphorylation through JNK (Aguirre et al. 2000 (Aguirre et al. , 2002 . We then analyzed the state of ERK phosphorylation by immunoblotting, but found no difference between the 12C and PF rats in terms of ERK 2 phosphorylation and total ERKs phosphorylation (data not shown). JNK1/2 phosphorylation did not change, either (Y Ohne, Y Toyoshima & H Kato, unpublished observations). Considering the complexity of the whole-body system compared with cultured cells, additional parameters, such as other endocrine factors, may need to be taken into account. The candidates may include insulin-like growth factor (IGF-I), since IGF-I and its binding proteins are highly responsive to protein nutrition (Takahashi et al. 1990 , Takenaka et al. 1993 ) and the signaling pathway of the IGF-I receptor shares most of its components with the IR.
In a study using L6 myotubes, Tremblay & Marette (2001) showed that the insulin-induced degradation of IRS-1, a process demanding amino acids, depends on the mTOR/p70 S6 kinase pathway but not on MAP kinase. In contrast to our present results, they observed that amino acids did not affect Ser612 phosphorylation, which coincided with the lack of a role for MAP kinase in the degradation and Ser612 phosphorylation of IRS-1. Another discrepancy between their results and ours is that the supply of dietary protein in vivo increases the amount of IRS-1, while the addition of amino acid in culture medium decreases it, although both Takano et al. (2001) suggested that mTOR mainly regulated the signals of amino acids in insulin-induced IRS-1 serine phosphorylation and degradation in 3T3-L1 cells. It has been shown that mTOR acts as a sensor for amino acids and balancing the availability of nutrients (Hara et al. 1998 , Iiboshi et al. 1999 . The translational regulators p70 S6 kinase and 4E-BPI, which are regulated by mTOR (Hara et al. 1998) , are also phosphorylated in an amino acid-dependent manner. Yoshizawa et al. (1998 Yoshizawa et al. ( , 1999 showed that 4E-BP1 and p70 S6 kinase phosphorylation was increased in rat skeletal muscle by refeeding a 20% casein diet after 18 h starvation, but not by refeeding a protein-free diet, although the plasma insulin level was the same between both diet groups. Considering these things, mTOR may play a major role in regulating the serine phosphorylation of IRS-1. Administration of an mTOR inhibitor in vivo, for instance, will help in elucidating the role of this kinase in dietary protein-induced alteration of IRS-1.
The present study also addressed the effect of protein nutrition on insulin-induced tyrosine phosphorylation of IRS-1, which is known to be negatively regulated by its serine phosphorylation in cell cultures (Tanti et al. 1994 , Kanety et al. 1995 , Hotamisligil et al. 1996 , De Fea et al. 1997a ,b, Li et al. 1999 , Sun et al. 1999 , Aguirre et al. 2000 , 2002 , Liu et al. 2001 , Pederson et al. 2001 , Ravichandran et al. 2001 , Rui et al. 2001 , Takano et al. 2001 , Hartley & Cooper 2002 , Tremblay & Marrette 2001 . Tyrosine phosphorylation after insulin stimulation was significantly higher in the PF group than in the 12C group (Fig. 2) . In addition, the enhancement by PF of the insulininduced tyrosine phosphorylation of IRS-1 intensifies downstream signaling, as manifested by the increased association of p85 regulatory subunit of PI3 kinase with IRS-1 (Fig. 4) . Such changes are likely to result in an enhancement of a variety of actions of insulin. In fact, it seems to be true at least in the case of glucose uptake; the muscle taken from the PF rats responded better to insulin when 2-deoxyglucose uptake was measured (data not shown). The sensitization of IRS-1 to IR kinase does not seem to be caused by alteration of the IR, since protein nutrition did not affect IR's tyrosine phosphorylation (Fig. 1C) . Rather, the sensitization is more reasonably associated with the serine dephosphorylation of IRS-1. This association fits well with the previous observations in cell cultures, but seems to be less tight under situations involving eucaloric food restriction or insulin deficiency (Figs 5 and 6) . In these cases, the effect of PF on the sensitization of IRS-1 was attenuated, in contrast to its consistent effect on serine dephosphorylation. Thus, not only the serine phosphorylation but other factors too should play cooperative roles in the up-regulation of insulin-induced tyrosine phosphorylation in the protein malnutritional state. This hypothesis is supported by a previous report that moderate caloric restriction increased insulinstimulated tyrosine phosphorylation of IR and of IRS-1 in rat skeletal muscle (Dean & Cartee 2000) . The reduced effect of protein malnutrition on tyrosine phosphorylation may be explained another way. That is, no ideal model is available that can discriminate between the effects of protein nutrition and those of energy-insulin states. In the present study, the 12C rats in Figs 5 and 6 are in some degree of protein malnutrition, because (i) the pair-fed 12C group has a lower protein intake than required and (ii) the STZ-treated group is in a state of reduced utilization of amino acid. Together, these factors could be responsible for the blunted effect of PF diet treatment. Another result of our ongoing study -that diets with amino acid imbalances similarly modify IRS-1 without signifi-cantly changing plasma insulin (Y Ohne, Y Toyoshima & H Kato, unpublished observations) -further supports the importance of protein nutrition on insulin signaling. A series of experiments under various conditions will help elucidate the precise mechanism of the in vivo modification of IRS-1 activity.
In conclusion, this study revealed that dietary protein is a very strong regulator of serine phosphorylation of IRS-1 in muscle. This change is accompanied by an increased sensitivity of IRS-1 to insulin; this increase may, in turn, contribute to elevated insulin responsiveness by manipulations of dietary protein.
